This paper investigates the frequency distribution of urban runoff quality indicators using a 24 long-term continuous simulation approach and evaluates the impacts of proposed runoff control 25 schemes on runoff quality in an urbanizing catchment in Shenzhen, China. Four different 26 indicators are considered to provide a comprehensive assessment of the potential impacts: total 27 runoff depth, event pollutant load, event mean concentration, and peak concentration during a 28 rainfall event. The results obtained indicate that urban runoff quantity and quality in the catchment 29 have significant variations in rainfall events and a very high rate of non-compliance with surface 30 water quality regulations. Three runoff control schemes with the capacity to intercept an initial 31 runoff depth of 5mm, 10mm, and 15mm are evaluated, respectively, and diminishing marginal 32 benefits are found with increasing interception levels in terms of water quality improvement. The 33 effects of seasonal variation in rainfall events are investigated to provide a better understanding of 34 the performance of the runoff control schemes. The pre-flood season has higher risk of poor water 35 quality than other seasons after runoff control. This study demonstrates that frequency analysis of 36 urban runoff quantity and quality provides a probabilistic evaluation of pollution control measures, 37 and thus helps frame a risk-based decision making for urban runoff quality management in an 38 urbanizing catchment. 39 40
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Introduction 43
Urban runoff is a major source of surface water pollution in urban areas (Akan, 1988 as shown in Fig. 1 . A series of 41-year rainfall data at a time step of one hour was used to conduct 157 the long-term continuous simulation of the catchment model. Augmented Dickey-Fuller (ADF) 158 (Dickey and Fuller, 1979 ) tests were performed (with intercept but without trend) to detect the 159 stationarity of annual total rainfall and annual maximum hourly rainfall . The test 160 indicated that both the annual total rainfall and annual maximum hourly rainfall time series 161 are stationary, with a Mackinnon approximate P < 0.01. To analyze statistics of runoff water 162 quality, the long term rainfall record was divided into separate rainfall events in terms of the 163 inter-event time definition (IETD), which is defined as the minimum inter-event time period 164 between two consecutive pulses of rainfall (Li and Adams, 2000) . Rainfall pulses that are 165 separated by a time interval greater than the IETD are considered to be separate events. Based on 166 the definition of IETD, the statistical characteristics of some important variables, such as rainfall 167 amount and ADP, can be extracted from the historical rainfall record. 1688 rainfall events with 168 rainfall amount more than 5 mm were identified based on IETD = 3 hours since there is no runoff 169 generated when rainfall depth is less than 5 mm in the catchment. 170
The frequency distribution characteristics of rainfall events in the catchment are shown in Fig.  171 2. The averaged event rainfall amount is 27 mm, but 50% of event rainfall amounts are less than 172 9 around 37.9%, 50.9% and 11.2%, respectively. 176 where t is time (min), r t and u t are rainfall and effective rainfall (mm), respectively, c 1 , I and p are 188 parameters for mass balance, soil moisture index threshold and non-linear response terms, 189 respectively, and Φ t is a soil moisture index (mm) given by: 190
The parameter τ is the time constant or, inversely, the rate at which the catchment wetness 192 declines in the absence of rainfall. The initial soil wetness index (Φ 0 ) is related to the soil wetness 193 at the end of the previous rainfall event (Φ r ) and antecedent dry period (ADP, day), and is 194 calculated as 195
where Δt is simulation time step (day). 197 two-parameter gamma distribution (Singh, 2004 
where Accu is the buildup rate (kg/(km 2 d)), Disp is the decay rate (d -1 ), P r is the residual pollutant 213 after last rainfall event (kg), and Peim is the percentage of impervious area. 214
Runoff during storm events comprises of dry weather (no-rain day) flow and storm runoff. 215
The dry weather flow and pollutant loads were determined by measurement before each storm 216 event, thus storm runoff could be estimated by subtracting those values from wet weather flow. 
Indicators of rainfall runoff quality 251
To have a more comprehensive evaluation of runoff quality, four indicators are used to 252 describe the runoff pollution characteristics in the catchment: total runoff depth, Event Pollutant 253
Loads per unit area (EPL), EMC, and peak concentration during a rainfall event. A brief 254 introduction is given to EPL and EMC below. 255 EPL, mass of pollutant washed off per unit area per rainfall event (t/km 2 ), describes the 256 area-averaged intensity of runoff pollutant loads. It can be expressed as: 257
where C t is constituent at time t and Q t is storm water discharge at time t; M is pollutant mass and 259
A is catchment area (km 2 );Δt is discrete time interval. EPL can be used for total pollutant mass 260 control in a catchment. 
where V is runoff volume during the storm event. EMC can be used in water quality management 266 and concentration control for a catchment. EMC is regarded as a good measure to represent 267 rainfall runoff quality (Kim et al., 2007; Lee and Bang, 2000) . A close relationship between rainfall amount and runoff depth is shown in Fig.4a . The 278 maximum total runoff depth during rainfall events is 132mm, which is equivalent to a runoff 279 volume of 3.3 million m 3 in the catchment. With increasing event rainfall amount, the total runoff 280 depth nonlinearly increases, resulting in a nonlinear increase in runoff coefficient (defined as the 281 ratio of rainfall amount to runoff depth). For example, the events with a rainfall amount of 50mm,catchment. However, when the rainfall amount is more than 115mm, the upper envelope curve of 286 EPL reaches an equilibrium value of 25t/km 2 (equivalent to a COD loading of 265t from the 287 catchment during a rainfall event). It implies that the possible maximum COD accumulated in the 288 catchment is 25t/km 2 , which can be totally flushed off by the surface runoff when the rainfall 289 amount is more than 115mm. In addition, the EPL of events with the same rainfall amount can be 290 substantially different due to the other rainfall factors such as ADP. Generally, a rainfall event with 291 longer ADP has more pollutant buildup at the beginning of the rainfall, and thus more pollutant 292 loading can be potentially flushed off during rainfall event. 293
As the event rainfall amount increases, the EMC at the upper envelope curve initially rapidly 294 rises, reaches a peak value of 990 mg/l (corresponding to a rainfall amount of 50mm), and then 295 declines in an approximately exponential fashion (Fig.4c) . Generally, more rainfall amount has 296 capacity to flush off more pollutant buildup in the catchment and results in higher EMC. However, 297 when the capacity of pollutant wash-off is more than the pollutant buildup in the catchment, more 298 rainfall amount causes lower EMC. Similar to EPL, the events with the same rainfall amount can 299 have a rather different EMC because of different ADPs. 300 EMC and peak concentration during a rainfall event have a strong correlation with a 301 correlative coefficient of 0.948. However, the two indices have different trend as the event rainfall 302 amount increases. As the event rainfall amount increases, the peak concentration of COD at the 303 upper envelope curve initially rises, reaches a peak value of 1420 mg/l (corresponding to rainfall 304 amount of 58mm), and then slowly declines (Fig.4d) . When the rainfall amount is more than15 This is because the COD concentration reaches the peak value in the initial stage of rainfall event, 307 in which the rainfall amount is usually no more than 50 mm in the Shiyan River catchment. 308
Similarly, the events with the same rainfall amount have different peak concentrations because 309 they have different ADPs. 310 311
Frequency distribution of runoff quantity and quality 312
The cumulative frequency distributions of runoff quantity and quality indicators are shown in 313 The cumulative frequency distribution of total runoff depth is a predominantly positive, 330 concave downward curve with a C s of 5.8 (Fig.5a) , which implies that most rainfall events have a 331 runoff depth less than the averaged value of 7.5mm. And the events with runoff depth less than 332 5mm, 10mm and 15mm account for 66.3%, 80.6% and 87.7%, respectively. In addition, the curve 333 has a Coefficient of variation (C v ) of 2.16, which means rainfall events in the catchment have a 334 widely different runoff depth. 335
The cumulative frequency distribution of EPL (COD) presents a concave downward curve 336 with a C s of 2.28 (Fig.5b) . The averaged EPL (COD) is 3t/km 2 , and 50% of rainfall events have 337 EPL less than 0.6 t/km 2 . The rainfall events with EPL more than 1t/km 2 , 5t/km 2 and 10t/km 2 , 338 account for 43.0%, 19.5% and 10.1%, respectively. In addition, rainfall events in the catchment 339 have a different EPL (COD) with a C v of 1.67. 340
As seen in Fig.5c Similar to EMC, the cumulative frequency distribution of peak concentration of COD 347 presents a slightly concave downward curve with a C s of 0.62 (Fig.5d) . The rainfall events with 348 peak concentration greater than 40 mg/l account for 91.9%. In addition, the averaged value is 450 17 The results indicate that the runoff quality in the catchment has a high risk of non-compliance 351 with the surface water quality regulations. 352
Effect of initial runoff control 353
The local government proposed to compare three initial runoff control schemes (Scheme1, 2 354 and 3) with the intent of reducing the risk of poor water quality in the catchment. The three 355 schemes have capacity to intercept initial runoff depth of 5mm, 10mm and 15mm, respectively. 356
The runoff control level can be compared to a commonly used indicator, catchment storage ratio, 357 defined as the total storage volume in a catchment divided by its impervious area. Recall that the 358 catchment has an area of 25 km 2 with 32 % of impervious landuse, Schemes 1, 2 and 3 represent a 359 catchment storage ratio of 143, 286 and 429 m 3 /ha, respectively. The ratio of scheme 1 is close to 360 the recommend values; however the ratios of schemes 2 and 3 are in the upper ranges reported in 361 the literature (Andres-Domenech et al., 2010b). In the study, frequency distributions of rainfall 362 runoff pollution derived from continuous simulation were used to support the water quality risk 363 analysis for these interception schemes. Without loss of generality, the four indicators (total runoff 364 depth, EPL, EMC and peak concentration) of a rainfall event under a scheme were assumed to 0 365 when the total runoff of the event is less than the corresponding interception level of the scheme. 366
As shown in Fig.5a , when Schemes 1, 2 and 3 are taken, only 33.7%, 19.4% and 12.3% of 367 rainfall events, respectively, have surface runoff discharged into the downstream river. The 368 statistical calculation shows that Schemes 1, 2 and 3 can intercept 35.5%, 52.2% and 62.1% of all 369 the runoff volume in the catchment for a long term period, respectively. And the C s of runoff 370 depth under scheme 1, 2 and 3, decreases from 5.8 in the case of no interception to 4.01, 3.36 andInitial runoff control schemes can significantly reduce pollutant loading (Fig.5b) . For 374 example, the percentage of rainfall events with EPL>1t/km 2 under scheme1, 2 and 3 decreases 375 from 43.0% in the case of no interception to 22.7%, 13.5% and 9.4%, respectively. And Scheme 1, 376 2 and 3 have the capacity to intercept 45.67%, 69.92% and 82.19% of all the pollutant loading 377 (COD) in the catchment for a long term period, respectively. Furthermore, the C s of EPL under 378 scheme1, 2 and 3 decreases from 2.28 in the case of no interception to 1.31, 1.06 and 0.96, 379
respectively. This is because the percentage of the rainfall events with relatively low EPL 380 (compared to the mean) is significantly reduced after interception. 381
Initial runoff control schemes can significantly improve runoff quality (Fig.5c ). For example, 382 the percentage of rainfall event with EMC >40mm/L under scheme 1, 2 and 3 decreases from 383 88.3% in the case of no interception to 32.6%, 18.6%, 11.8%, respectively. Meanwhile, the 384 maximum EMC is significantly reduced under the three schemes and the reduction levels roughly 385 reflect the corresponding interception levels. This observation is also true for EPL. And C s of 386 EMC under scheme 1, 2 and 3 is 0.04, 0.003 and 0.04, respectively, which indicates EMCs have 387 an even distribution of frequency after interception. 388
The peak concentration of COD decreases after interception (Fig.5d) . For example, the 389 percentage of rainfall event with peak concentration>40mm/L is 33.35%, 19.19% and 12.26% 390 under scheme 1, 2 and 3, respectively. However, compared to the maximum EMC, the maximum 391 peak concentration has little change after interception. The reason is that the maximum peak 392 concentration usually occurs when the total runoff depth is greater than 20mm before interception, 393 which approximately corresponds to the rainfall amount of 58mm (Fig. 3a and c) . The schemesaddition, the cumulative frequency distribution of peak concentration presents a concave upward 396 curve, and the C s of peak concentration under scheme 1, 2 and 3 is -0.35, -0.49, and -0.39, 397 respectively, which implies that most rainfall events have a peak concentration more than the 398 mean after interception. 399 (Fig.7b) . This is because the percentage of the 430 rainfall events with relatively low EMC (compared to the mean) significantly decreases after 431 interception. Furthermore, pre-flood season has significantly higher EMC than other seasons. For 432 example, the rainfall events with EMC>40mg/l in pre-flood, flood and post-flood seasons in 433 Scheme 2 account for 22.67%, 17.43% and 16.99%, respectively. The reasons are related to the 434 characteristics of rainfall events in different seasons. Since the rainfall events with total runoff 435 depth<10mm have no surface runoff discharged into the downstream river in Scheme 2, we only 436 considered the rainfall events with total runoff depth>10mm. As shown in Fig.8 , the pre-flood 437 season has lower percentage of events with rainfall amount > 50mm and higher percentage ofamount may result in higher EMC for the events with rainfall amount> 50mm (Fig. 4c) , and 440 longer ADP results in higher EMC. Therefore, the pre-flood season has higher frequency of 441 rainfall events with higher EMC than other seasons after initial runoff control. 442 increasing interception levels in terms of water quality improvement. Furthermore, the cumulative 485 frequency distributions of EMC and peak concentration change to a convex curve, which implies 486 that most of the rainfall events have a relatively high concentration compared to the mean after 487 interception. 488 (4) Runoff control schemes have different effects at different seasons due to seasonal 489 variation in rainfall events. In the study, the pre-flood season has higher risk of non-compliance 490 with the surface water quality standards than other seasons after initial runoff control. 491
The urban runoff quantity and quality have considerable variations in different rainfall events 492 in an urbanizing catchment, thus, characterizing frequency distributions of runoff quantity and 493 quality can provide a probabilistic evaluation of pollution control measures, and will help frame a 494 risk-based decision making for urban runoff quality management in an urbanizing catchment. 495
It should be noted that the paper is limited to the analysis of rainfall runoff pollution of the 496 catchment at the current urbanization level. The model needs to be calibrated against newly 497 observed data at a different urbanization level if the study catchment undergoes further 498 urbanization in the future. 499 
